Introduction
Passive continental margins such as the Western Continental Margin of India (WCMI) are typically defined as seismically quiescent margins where adjoining oceanic and continental lithospheres are gelled together. Passive margins are often flanked by relatively young and expanding ocean basins adjacent to their shelves (White and McKenzie, 1989; Allen and Allen, 2006) . The transition from rifted margin to passive continental margin takes place at the rift to drift transition depending upon whether or not the sea-floor spreading stage was reached. Role of mantle plumes in shaping up of passive rifted margins has been widely debated for long time (McKenzie and Sclater, 1971; White and McKenzie, 1989; Anderson, 2001 and references therein). Plume-rift interactions can significantly modify the crustal geometry including ContinenteOcean Transition (COT) (White and McKenzie, 1989; Kusznir et al., 1995; Watts, 2001) . Therefore, identification of COT along passive margins is often crucial due to anomalous nature of underlying crust. Knowledge about COT permits determination of the nature and extent of rifting along a margin. Further, passive margins usually experience broad regional subsidence over a period of time. This is due to lithospheric cooling following partial/complete attenuation of the continental lithosphere (White and McKenzie, 1989; Kusznir et al., 1995; Buck, 2001 ) and sediment accumulations. Therefore, the total subsidenceea function of the tectonic, eustatic sea level and climatic changes over long periods (Watts, 2001; Allen and Allen, 2006) can be used to decipher extensional tectonics along a margin. Precise knowledge about periodic sedimentation on a margin would provide key constraints about its evolutionary journey through time (Hopper and Buck, 1996) . Post-rift sediment thicknesses developed beneath the outer shelf and slope on such margins, may range from a few hundreds of meters to tens of kilometers . Marginal sedimentary basins are often imbibed with enormous resource potential. Deep penetrating seismic reflection, borehole information and other corroborative geophysical data are some of the best utilized tools to perform basin subsidence analyses to know more about periodic sedimentation and its effects on the extensional tectonics.
The central part of WCMI near Bombay High ( Fig. 1 ) is geologically referred as Mumbai Offshore Basin (MOB). This region, having thick sediments and rich resource potential, is among least explored margins in terms of detailed 2-D flexural subsidence analyses. In the present study, we explore magnitude of total subsidence along WCMI through analyses of marine geophysical data (Fig. 1) . Previous studies (e.g. Mohan, 1985; Agrawal and Rogers, 1992; Whiting et al., 1994; Chand and Subrahmanyam, 2003) used 1-D backstripping analyses to reconstruct geohistory from basin stratigraphy along WCMI. However, previous studies were primarily based upon scattered borehole data and used 1-D Airy type isostatic compensation (Watts, 2001 ). The Airy type (i.e. local isostasy) is known to have several limitations as it omits the flexural strength of the lithosphere. Resultantly it tends to work well with very low effective elastic thickness (i.e. T e z 0) which is not valid in case of shorter wavelengths of loads on a margin (such as structures in the range of ca. 10e25 km). Consequently, use of Airy rather than flexural backstripping tends to overestimate factors and may deliver erroneous subsidence history (Kusznir et al., 1995; Roberts et al., 1998) . The flexural approach on the other hand allows one to account for 'sideways' loads (Kusznir et al., 1995) and produces much more reliable estimates for calculating basin subsidence.
The primary objective of this study is to investigate subsidence history along WCMI using 2-D flexural backstripping approach (Kusznir et al., 1995; Roberts et al., 1998) . In particular, we attempt to examine creation of accommodation space vis-a-vis flexural adjustments in the basin which is poorly understood at the moment. Role of eustatic changes as well as sediment loading from possible 'sources' such as Indus fan and denudational discharge from peninsular India since its inception is examined. Based on new deep penetrating multi-channel seismic (MCS) data and constraints from industry boreholes from WCMI, we reconstruct the vertical tectonics since initiation of late Cretaceous rift-drift process.
Regional setting and tectonic framework
The WCMI, surrounded by adjoining ocean basins in the Arabian Sea, is a passive continental margin extending more than 2000 km long from Gujarat coast in the north to Kerala coast in the south (Fig. 1) . The breakup of East Gondwana initiated in early Jurassic c.a. 150 Ma (Courtillot et al., 1986; Storey et al., 1995) followed by separation of Greater India (IndiaeMadagascar) from Africa ca. 130e120 Ma (Reeves and de Wit, 2000) . Later, IndiaeMadagascar break-up occurred at ca. 88 Ma which is considered as the first major rifting event that modified the WCMI (Agrawal et al., 1992; Storey et al., 1995; Chand and Subrahmanyam, 2003; Yatheesh et al., 2009 ). Subsequently, a ridge jump in Mascarene Basin during the late Cretaceous led to the break-up of Seychelles and India (Norton and Sclater, 1979; Naini and Talwani, 1982; Schlich, 1982; Biswas, 1999; Yatheesh et al., 2009 ). The emplacement of Deccan flood basalts at ca. 65 Ma is opined to be contemporaneous with the rifting between Seychelles and India (McKenzie and Sclater, 1971; Hooper, 1990; Venkatesan et al., 1993; Subrahmanya, 1998; Pande et al., 2001) . The rifting episode is 
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Figure 1. Regional bathymetry (m) map of the western continental margin of India (WCMI). Superposed are the major tectonic elements and locations of seismic profiles (solid black lines) used in this study. Solid black triangles with superscripted numbers denote locations of the commercial wells in the region (see Table 2 for more information). Solid white triangles denote locations of Sites (U1456 and U1457) from IODP expedition 355 (Pandey et al., 2016) in the Arabian Sea. Magnetic anomalies are plotted after Royer et al. (2002) . Solid red circles denote locations of seismic refraction stations (after Naini and Talwani, 1982) ; RS-Raman Seamount; WG-Wadia Gyot; PS-Panikkar Seamount; BH-Bombay High. White dashed lines represent possible locations of Continent Ocean Boundary (COB) depending upon the nature of crust in between.
considered to have finally led to the sea floor spreading in the Arabian Sea. Although offshore extent of the Deccan flood basalts is yet to be precisely identified nevertheless published literature argues in favour of substantial offshore extent (Biswas, 1982; Mohan, 1985; NELP, 2007; Pandey et al., 2011) . In addition, Jerram and Widdowson (2005) expressed that it is likely that much of the Deccan flood basalt lava erupted onto existing Precambrian Dharwar cratonic crust around WCMI (Fig. 1) .
The east-west stretch of WCMI varies remarkably from north (ca. 300 km) to south (ca. 80 km) (Zutshi et al., 1993) . The present day shelf break along WCMI occurs at an average water depth of ca. 200 m. A very broad shelf platform in the north makes it as one of the largest continental terraces in the world (Fig. 1) . The NWeSE trending horst and grabens are bounded by normal faults. Biswas (1982 Biswas ( , 1989 reported disjointed NEeSW trending cross faults segregating different tectonic blocks (Figs. 1 and 2) . From north to south these tectonic blocks include the Surat depression, Bombay Platform (i.e. Shelf Platform), Ratnagiri Block, a Shelf Margin Basin, and Abyssal Basin. The paleo (Miocene) shelf edge is reported much landward with several horst and graben patterns within the MOB (Raju et al., 1981; Rao and Srivastava, 1981; Biswas, 1989) . The MOB occupies a large part of the shelf as well as adjoining deep-water basins (Figs. 1 and 2). Existing information (Biswas, 1982; Mitra et al., 1983; Rao and Srivastava, 1984; Mohan, 1985; Whiting et al., 1994; Gombos et al., 1995; Nair and Pandey, in preparation) and interpretation of new high quality multi-channel seismic data and sediment thickness isopach maps from this study (Fig. 3) suggest that the stratigraphic fill of the basin, covering an area of ca. 120,000 km 2 , consists of Tertiary and Quaternary sediments with sediment thickness varying between 0.1e5 km. Thickest sediments on the shelf are hosted in coast parallel grabens ca. 50e100 km offshore (Fig. 3) . High sediment loading since inception of the MOB appears to have structurally modified its shape (Biswas, 1982; Nair and Pandey, in preparation) . The sediment depocentres, structural plays and their potential implications in hydrocarbon exploration make it crucial to understand overall subsidence behavior of this margin. Outcome of such studies would be extremely relevant in understanding stratigraphic development and basin evolution of MOB over long periods.
Seafloor morphology and gravity anomaly
The present day water depth in the study area ( Fig. 1 ) varies between shallow (<100 m on the Shelf Platform) to moderate depths in the Margin Basin (ca. 2000 m) to deep in the Abyssal Basin (>3000 m). Coast parallel variations in the 2000 m isobath demarcate the present day shelf break (Fig. 1) . Several highs and lows are observed on the bathymetric data along the coast which are attributed to the horst and graben structures (Biswas, 1982) . Distinctly elevated morphological features (seamounts) are also evident along Panikkar Ridge in the Laxmi Basin (west of Abyssal Basin, Figs. 1 and 2). These include Raman Seamount (RS); Wadia Guyot (WG) and Panikkar Seamount (PS) (Krishna et al., 2006; Mukhopadhyay et al., 2008) .
Satellite derived free air gravity anomaly data (Sandwell and Smith, 2009 ) from the MOB is presented in Fig. 2 . Eastewest alternating high and low gravity anomalies demarcate the coast parallel ridge and basin structures (Biswas, 1982) . The elevated seamounts in the Laxmi Basin exhibit distinct high gravity anomalies embedded in a broad gravity low (Fig. 2 ). The Shelf Platform shows gravity highs, which gradually decrease in the Shelf Margin Basin before again attaining higher values towards the west (Fig. 2) . The regional gravity lows along the northern parts of the continental shelf are associated with graben type structures followed by 
RS RS RS RS RS S S S R R RS S RS RS RS RS RS RS RS RS RS R R R R R R R RS S
R R R R R RS R R R R R R R R P P P P P P P P PS PS P PS S S S S S S P PS PS S PS S S S S PS S S S S PS P PS PS S S S PS S S S PS P P P P highs associated with the horsts in the south along the Shelf Margin Basin (Fig. 2. ).
Seafloor magnetic anomalies
Identification of seafloor magnetic anomalies is a widely used tool to evaluate rift-drift transition along a margin that can constrain the amount of continental extension leading to the seafloor spreading (or the failure). The oldest undisputed seafloor magnetic anomaly in the Arabian Sea is considered to be C27n (ca. 60.9 Ma) lineations (Royer et al., 1992; Miles et al., 1998) (Figs. 1 and  2 ). Some studies also report presence of C28ny (ca. 62.5 Ma) south of Laxmi Ridge (Miles and Roest, 1993; . Short segments of even older (though debatable) magnetic anomalies in the Laxmi Basin in the Arabian Sea have been proposed by Bhattacharya et al. (1994) (Fig. 2) . In view of inconclusive identification of magnetic anomalies, its evolutionary history remains elusive. Consequently, precise estimates of extension along WCMI and the nature of crust in the basin are still underdetermined.
Stratigraphy and sedimentation history
The MOB has evolved through multi-phases extensional tectonics since earlyelate Cretaceous ca. 88e64 Ma rifting between India, Madagascar and Seychelles (Norton and Sclater, 1979; Storey et al., 1995) . Previous studies suggest presence of Precambrian basement at various locations on the shelf, in sync with the deepest stratigraphic layer onshore (Jerram and Widdowson, 2005; NELP, 2007; Singh and Mishra, 2015) . However, subsequent large-scale basaltic volcanism at ca. 65 Ma is considered to have spread across central western India as well as adjoining offshore basins and therefore modified the existing basement stratigraphy (Pandey et al., 2011) . Past studies have also opined that the nearby Bombay High ( Fig. 1) remained close to sea level/paleo-high since Precambrian therefore barring any Mesozoic sediments on top (Mohan, 1985; Agrawal and Rogers, 1992) . Under such circumstances, seismic reflections off the acoustic basement (i.e. late Cretaceous basaltic basement) can be considered as the regional basement for the purpose of subsidence estimation. The Paleocene syn-rift sediments have been identified in various morpho-tectonic depressions during earlyelate Paleocene (Biswas, 1982; Mishra et al., 2011; . Broadly, MOB has SWeNEtrending coast parallel horstegraben patterns along entire shelf (Fig. 2) . Seismic studies from MOB suggest that grabens are bounded by normal faults, and the horsts/ridges are dissected by NEeSW-trending cross faults (Biswas, 1982; Mishra et al., 2011) . The broad stratigraphy deciphered from the nearest IODP Site U1457 (Pandey et al., 2016) and DSDP site 219 (Whitmarsh, 1974) also confirmed the oldest sediments above basement as Paleocene clayey siltstones and volcaniclastic deposits.
Regional paleo-facies studies (Nair et al., 1992; Mathur and Nair, 1993; Zutshi et al., 1993; Mishra et al., 2011) proposed that the major part of the WCMI shelf was laid by first marine strata over the basaltic basement. Sediments were deposited in deltaic to restricted marine and shallow marine environments (Basu et al., 1982; Zutshi et al., 1993) . Detailed faunal studies using data from commercial boreholes (Fig. 2) suggest that, the basement reliefs on the Shelf Platform started submerging below sea level for the first time during the early Oligocene (Mohan, 1985; Zutshi et al., 1993) . Paleo-bathymetry estimates (Mohan, 1985; Raju et al., 1999) indicate that the early sedimentation in Shelf Platform region initiated at shallow depths (<200 m). Mohan (1985) reported the paleobathymetry of the shelf during early Paleocene through late middle Miocene remained shallower than 100 m below mean sea level (2016) 1e16before deepening further. Results from MCS data interpretation from the MOB reveal that the shelf margin has prograded/agraded upto ca. 100 km basinward since the Oligocene (Whiting et al., 1994) .
The early Oligocene transgressions are reported to have covered most parts of the Abyssal Basin and inundated parts of Bombay Platform (Mathur and Nair, 1993) . Major unconformities since late Paleocene have been discussed by Nair and Pandey (in preparation) . Sea level rise during early Miocene submerged large areas of the basin and terminated the Oligocene delta progradation (Clift, 2006) . The middle Miocene transgression marks the last phase of the widespread carbonate sedimentation in the MOB region (Basu et al., 1982; Zutshi et al., 1993) . Sediment provenance studies show that the large scale unroofing of the sediments from Himalayan region through various Indus tributaries also contributed to the sedimentation in the region during Oligocene till Recent post-rift-phase . The morphology of the WCMI has been modified by the presence of sediments discharged from WCMI as well as through Indus Fan (Naini and Kolla, 1982; Kolla and Coumes, 1987; . Further west in the deep offshore region, the Arabian Sea exhibits rather smooth topography.
Data and methodology
Regional MCS data is utilized to document history of sedimentation in the MOB. Further, role of sediment loading in modifying the basin architecture is investigated through post-rift subsidence analyses. In this study we have used three SWeNE seismic profiles WC-17, WC-19 and WC-20 ( Fig. 1 ) of variable lengths (220e350 km) out of more than ca. 4000 line km of close grid MCS data from the MOB. The MCS reflection data were acquired by Directorate general of Hydrocarbons (DGH), India using 6000 m long streamer with a recording length of 8s two way travel time, (TWT) and 25 m shot spacing. Coast perpendicular (dip lines) seismic profiles are preferred over coast parallel (strike) profiles for the subsidence analyses as they cross over the shelf, slope and the Abyssal Basin and provide a good control on regional sedimentation pattern. Various morphological features in the basin are shown on the regional bathymetric map (Fig. 1) .
Each interpreted seismic section was converted from a two way travel-time to a depth scale using interval velocities derived from stacking velocities during the MCS data processing (Nair and Pandey, in preparation) . The interval velocities used for the depth conversion are in good agreement with those reported by seismic refraction studies (Naini and Talwani, 1982) , constraints from the known stratigraphic information (Kolla and Coumes, 1987; Mishra et al., 2011; Mohanty et al., 2013; and regional boreholes (Mohan, 1985; Whiting et al., 1994; NELP, 2007) . Considering high data quality and constrained velocity analyses, the uncertainties in time-depth conversion are estimated to be within 10% (Nair and Pandey, in preparation) .
Various seismic horizons, and faults were marked using KingdomÔ software. Seven seismic sequences overlying the basement were identified (Table 1) . Nair and Pandey (in preparation) have described an in-depth interpretation of the acquired MCS profiles using integrated seismo-gravity modelling. The sediment thickness isopach maps corresponding to various time periods shown in Fig. 3 (aeg) provide an overview of present day sediment thickness in the MOB since Paleocene as well as total sediment thickness (Fig. 3h) .
In this article we focus on examining the basement tectonics by way of unloading the sediment through time using flexural backstripping modelling approach (Kusznir et al., 1995; Roberts et al., 1998) . Our modelling strategy considers both tectonic as well as thermal subsidence since syn-rift phase of the basin (ca. 65 Ma). The flexural backstripping technique has been successfully applied to other passive margins in the past (Baxter et al., 1999; Kusznir et al., 2004; Roberts et al., 2013 and references therein). Details of modelling parameters used in this study are listed in Table 1 and discussed in following sections.
The MCS sections used in this study show variable sedimentary cover (Paleocene to Recent) above the igneous basement along WCMI (Fig. 3) . Interpreted layers from bottom to top correspond to the late Paleocene, Eocene, early Oligocene, mid Miocene, late Miocene and PlioceneeRecent respectively (Table 1) . Identified horizons on the depth converted seismic sections were constrained by available stratigraphic knowledge and lithology data from boreholes (Mohan, 1985; NELP, 2007; Mishra et al., 2011) . Their corresponding ages were assigned using the revised Geological Time Scale 2012 (Gradstein et al., 2012) indicating their time of formation based on correlation with the log data (Mohan, 1985; Agrawal and Rogers, 1992) . The chronostratigraphic correlation published by Mathur and Nair (1993) and Zutshi et al. (1993) were also employed to deduce basinwide stratigraphic picture. For reverse post-rift subsidence modelling it is important to account for the water filled space lying above the sediment in a subsiding basin. Such estimates are usually difficult because paleo depth indicators may have considerable uncertainties. Lithofacies and the type of benthic fauna are broadly used to constrain paleo-water depths. The stratigraphy and paleo-bathymetry of MOB has been previously discussed based on sporadic seismic and well data by number of researchers (Rao and Talukdar, 1980; Basu et al., 1982; Mohan, 1985; Nair et al., 1992; Mathur and Nair, 1993; Singh et al., 2009 ). Nair and Pandey (in preparation) presented an integrated interpretation using existing knowledge as well as new seismic data from MOB.
Flexural reverse post-rift modelling
Flexural backstripping or reverse post-rift modelling approach (Kusznir et al., 1995; Roberts et al., 1998) using FlexdecompÔ is adopted to determine temporal and spatial subsidence variations on interpreted seismic profiles. Using interpreted cross sections and lithological parameters this multi-step process was achieved by removing the topmost (present day) stratigraphic unit and allowing stepwise decompaction (effect of dewatering) of the remaining deeper lithologies. The sediment dewatering model of Sclater and Christie (1980) has been applied for decompacted sediment thickness estimation. The net removed mass of sediment matrix and water is estimated as a consequence of the removal of the top layer. Further, incremental post-rift tectonic and thermal subsidence corresponding to the ages of removed stratigraphic units is computed using stretching factor (b) and rift age (McKenzie, 1978) . Next, flexural isostatic response due to the removed mass of sediment matrix and water, as well as thermal subsidence is determined. This process is repeated sequentially until all post-rift stratigraphic units have been removed. The resulting section after unloading the basement in above manner provides knowledge about the basement depth that would be today had there been no sediment deposition since its formation. Details of sub-surface strata and their physical parameters used in reverse post-rift modelling are described in Table 1 . Flexural backstripping modelling tends to be sensitive to the paleo-bathymetry variations especially in regions close to the continental slope (i.e. Shelf Margin Basin due to water depths exceeding 2000 m). Paleo-bathymetry data proposed by Mohan (1985) based on biostratigraphic information from several boreholes in MOB have been reliably used for subsequent work. Therefore, we have incorporated paleobathymetric observations from faunal facies analyses from MOB (Mohan, 1985; Nair et al., 1992; Mathur and Nair, 1993; Zutshi et al., 1993) . Though the eustatic sea-level fluctuation has less influence on backstripping compared to the variations of paleo-bathymetry, eustatic curves of Haq et al. (1987) has been incorporated while modelling in order to make an integral assessment of subsidence (Fig. 4) .
Results and discussion
A depth converted and interpreted profile showing various seismic horizons along WC-19 is shown in Fig. 5 . The stretching factor (McKenzie, 1978 ) is a significant attribute in controlling restoration of the section by flexural backstripping and reverse postrift modelling. Using a known b stretching factor flexural backstripping may allow us to predict palaeo-bathymetry, or vice versa in an iterative fashion (Kusznir et al., 1995; Roberts et al., 1998) . The conventional 1-D backstripping approaches use borehole lithological data (or pseudo-wells) to deduce a constant stretching factor. However, rifting/extension along continental margins may not be laterally uniform. Thus, post-rift modelling ought to incorporate a laterally varying extension, if required. The 2-D modelling approach employed here has the flexibility to choose uniform as well as a laterally varying b profile to determine the best fit restored section.
In order to examine model sensitivity we performed restoration along profile WC-17 for uniform as well as laterally varying b profile and results are shown in Fig. 6a Figure 4 . Eustatic sea level change since late Cretaceous (after Haq et al., 1987) and paleo-bathymetry variations. Dotted paleobath curve (after Mohan, 1985) and gray zones (after Whiting et al., 1994) . These reference data were incorporated in the postrift subsidence modelling.
unloaded basement depths (for thermoetectonic as well as thermal subsidence only) are shown in Fig. 6b . A T e value of zero would correspond to the local isostasy. The modelling results show that the sediment unloaded present day depth to the basement and the derived paleo-bathymetry seems to be rather insensitive to the T e values close to zero. Rifted margins (as the case here) are learnt to have low flexural rigidity for several million years after the end of active extension (Karner and Watts, 1982; Allen and Allen, 2006) . In view of this, a low T e ¼ 5 km was chosen for reverse post-rift modelling which is consistent with the recommended values for other passive margins (Kusznir et al., 1995) . The flexural backstripping analysis has been applied to the dip lines WC-17, WC-19 and WC-20 each 220 km, 350 km and 250 km long respectively. These dip lines are preferred over strike lines for backstripping analyses as they traverse through wide domain and thereby permitting us to determine effects of spatial variations in sediment loading through time.
Reverse post-rift modelling of WC-19
Firstly, we discuss the flexural backstripping and reverse post rift modelling of the longest (350 km) seismic profile WC-19. This profile traverses through the Shelf Platform in the east marked with significant bathymetric highs, Shelf Margin Basin in the central part and the Abyssal Basin in the west (Fig. 1) . Although the exact age of the extension initiation in this region is still unclear, the earliest phase of rifting in the WCMI is generally considered to start in the late Cretaceous to early Paleocene (Biswas, 1982; Bhattacharya and Yatheesh, 2015) . Paleogeographic reconstructions and prior magnetic studies suggest that rifting along northern part of WCMI initiated ca. 68 Ma and ceased during late Paleocene (ca. 56 Ma) (Eagles and Wibisono, 2013; Bhattacharya, and Yatheesh, 2015 ; and references therein). Since, the span of late Cretaceous rifting along WCMI under consideration may have lasted less than 20 Myr the assumption of an instantaneous stretching holds valid (Jarvis and McKenzie, 1980) . Accordingly the reverse post-rift modelling has been carried out to examine post rift developments since late Paleocene (ca. 56 Ma). Moreover, we have restricted our modelling to a post-rift scenario because there aren't enough deeper constraints (such as wells penetrating the basement) to allow us properly document the syn-rift developments in the basin. Occurrences of earlier Mesozoic strata underlying the basement were reported from adjoining regions (e.g. Kachchh and Saurashtra), however their extension further south in the MOB is not confirmed (Mohan, 1985) . Backstripping with reverse thermal subsidence modelling (as compared to tectonic subsidence only) (Fig. 6b) allows choosing post-rift models consistent with the paleo-bathymetric knowledge (Mohan, 1985; Agrawal and Rogers, 1992) . Taking inherent effects of an earlier extensional phase (India-Madagascar separation at ca. 88 Ma) along WCMI into account our modelling includes an inherited stretching with b ¼ 1.3 corresponding to an age ca. 88 Ma (Agrawal and Rogers, 1992; Yatheesh et al., 2009) .
A series of restored cross sections from present day to ca. 56 Ma for line WC-19 is shown in Fig. 7 . Applying a uniform b factor of 1 to 3 for late PaleoceneeRecent phase, post-rift restorations predict emergent topography on the eastern end of the profile whereas large residual bathymetry (>3.5 km) on the western end of the profile (see sensitivity test for various uniform b values in Fig. 6 ).
Such circumstances, if true, would have lead to an erosional condition on the Shelf Platform. This does not seem to be consistent with paleo-bathymetry observations from the bore holes on the Shelf (Mohan, 1985; Whiting et al., 1994) . This implies that a variable b profile along the section is required to restore top post-rift strata close to the sea level in order to be consistent with paleobathymetric observations. Our preferred sequence of restorations with above parameters (Fig. 7) restores the top of Paleocene (ca. 56 Ma) close to the sea level towards the eastern end of the profile. However, the preferred model predicts variable water depths of ca. 1e2 km on the western end of the profile (ca. 200 km west of the Shelf Platform). A laterally varying lithospheric b factor ranging from 1 (i.e. no stretching) on the eastern parts to very high stretching (b ¼ 5) on the SW end which lies close to the COB (Nair and Pandey, in preparation). Further, allowing post-rift tectonic subsidence only and not allowing any thermal subsidence fails to restore entire section consistent with the paleo-bathymetry estimates (Mohan, 1985; Agrawal and Rogers, 1992) . On the other hand reverse post-rift modelling with total subsidence (tectonic and thermal) successfully restores the eastern Shelf Platform close to the sea level (Fig. 7) . Accordingly we revise our backstripping parameters to include a laterally varying b profile (Fig. 7) constrained through forward modelling vis-a-vis paleo-bathymetric knowledge from previous studies.
The gradually reducing b factor from oceanic/transitional part of the profile in the west to the continental end of the profile in the east is also consistent with observations from other passive margins (Kusznir et al., 1995; Roberts et al., 1998; . On the Shelf Platform modelled b values are moderate, ranging between 1.5e1.8. These are relatively low b values typical of continental rift basins (Roberts et al., 2013) . Across the central part of the profile, b factors surge to the range of 3e4. This intermediate to high b factor is indicative of a highly stretched and attenuated crust close to the continental margin Pandey et al., 2016) . Very high b factors at SW end are required to restore the top Paleocene horizon. This can be attributed to the proximity of western end of this profile to the oceanic crust in the Arabian Sea towards west. This is in conformity with the published geological models for the eastern Arabian Sea characterising highly stretched crust in this part (Naini and Talwani, 1982; Krishna et al., 2006; and references therein). Seismo-gravity modelling also suggests possibility of intermediate crustal thickness in the Abyssal Basin part of the profile (Nair and Pandey, in preparation; Pandey et al., 2016) . It is noteworthy that the top of the Paleocene in the western end of the profile WC-19 could not be restored close to the sea level. No unanimous views exist about the time and precise location of seafloor opening in the Eastern Arabian Sea and creation of an oceanic crust prior to ca. 56 Ma (Pandey et al., 2015 and references therein) . Assuming that if an oceanic crust indeed was created in the Abyssal Basin prior to ca. 56 Ma, the depth to the ocean floor after initial ca. 10e12 Ma of 'normal' subsidence would have been greater than ca. 3.7 km based on subsidence curves of Stein and Stein (1992) . One should therefore expect to find continental crust in the Abyssal Basin at water depths of 3.7 km or shallower in absence of sedimentation. Going by the subsidence analyses data, the unloaded water depth from our study (ca. 2.5e3 km) supports such a possibility (Fig. 7) . Further, our knowledge from new oceanic crust at mid ocean ridges suggest that the zero-age oceanic crust under ca. 2e3 km of water is in equilibrium with a 'standard' continental lithospheric column. Using the equation for the initial subsidence (McKenzie, 1978; Allen and Allen, 2006) , the stretch factor required to produce ca. 2.5 km of subsidence is larger than 3. This in turn could reduce the crust to ca. 9e10 km thick and will most likely be highly fractured, therefore it is probable that the asthenosphere would upwell and may pierce through when this depth was reached. White and McKenzie (1989) and subsequently, Roberts et al. (2013) showed that the water loaded initial subsidence can be computed as a function of crustal thickness, crustal density and the melt thickness at a rifted margin. Subsequently, possible melt addition as a function of thinning (1e1/ b)/stretching factor (b) and can be estimated. During a rifting process, sufficiently large b factor (e.g. >3) can lead to addition of 7e10 km of melt at the base of lithosphere (Roberts et al., 2013) and cause subsidence of more than 2 km at a rifted margin. Such a situation could represent the continenteocean transition in the Abyssal Basin. The anomalously high beta factors (Fig. 7) , and other corroborating evidences imply that the basin must have been hyper-stretched. Therefore, it may be possible that the opening of seafloor in the Arabian Sea occurred in late Cretaceous/early Paleocene further westward of these seismic profiles in the Arabian Sea (consistent with the magnetic anomalies C28n, Fig. 1 ), with significant crustal underplating (Krishna et al., 2006; Minshull et al., 2008) in the Abyssal Basin and marking the underlying crust in the Abyssal basin as highly attenuated and transitional type . However, we do recognise that such a proposition is far from straightforward and requires further supporting observations. We further explored the possibility of water loaded post-rift transient thermal uplift of ca. 2000 m. The results suggest that including ca. 2000 m of transient thermal uplift at ca. 56 Ma does restore the western part of the profile to zero bathymetry at the cost of substantial erosional surfaces on the eastern parts of the profile (diagram not included here). It is also significant to note that such unusually large magnitude of post-rift thermal uplift (e.g. plume) at ca. 56 Ma or younger would have to be observed basin wide in the MOB. Incorporating ca. 2000 m uplift would also elevate the Shelf Platform much above the sea level, consequently leading to erosion and removal of Paleocene sequences. Most importantly, recent paleogeographic reconstructions at ca. 56 Ma suggest that the study area had moved far enough (>1000 km) to have been influenced by the possible source of a thermal uplift (i.e. Reunion plume) (Bhattacharya and Yatheesh, 2015) . Therefore, we discard the possibility of a large post-rift transient thermal uplift in MOB to explain anomalous subsidence in the Abyssal Basin.
Thus, by constraining the late Paleocene water depth under the Shelf Platform (Mohan, 1985) , a satisfactory restoration of the western end of the profile WC-19 requires inclusion of an additional subsidence event younger than ca. 68 Ma leading to a residual bathymetry >2000 m at late Paleocene. The long wavelength (ca. 150 km) of the residual bathymetry also precludes large scale upper crustal faulting (Fig. 7) during late PaleoceneeEocene in the Abyssal Basin area. Therefore an alternative mechanism for additional post-rift subsidence of ca. 2000 m could be through thinning of the lower continental crust west of ca. 200 km of the profile WC-19 during pre/syn-rift stage. Thinning of the lower continental crust during extensional phases leading to crustal underplating is quite commonly observed on other margins (Hopper and Buck, 1996; Allen and Allen, 2006; Roberts et al., 2013) . Lithospheric stretching may be accompanied by magmatism, producing dyke swarms, plutons and extensive basaltic sills (Royden and Keen, 1980; White and McKenzie, 1989) . Emplacement of large volumes of basaltic melt into the crust (or along its base) should produce transient uplift, followed by subsidence as the extruded, intruded or underplated material cools. In view of this it is proposed that thinning of the lower crust after rift initiation (ca. 68 Ma) could have resulted in excess subsidence in the Abyssal Basin in addition to that generated from post-rift subsidence. Such processes are widely reported on passive margins wherein inclusion of lower crustal magmatic underplating/dikes during rifting process is commonly suggested (Krishna et al., 2006; Roberts et al., 2013; Misra et al., 2015) . Furthermore, possibility of considerable subsidence caused by emplacement of large seamounts (ca. 2 km relief) in the proximal Laxmi Basin (southwest of the profile WC-19) perhaps coetaneous with syn-rift phase, could not be ruled out. Alternatively, the residual bathymetry of ca. 2000 m could be linked to an earlier phase of Mesozoic rifting. However, such propositions can only be verified once deeper seismic reflection data are available where Mesozoic reflectors have been imaged.
Reverse post-rift modelling of WC-20
The profile WC-20 extends in SWeNE direction perpendicular to the coast and is ca. 250 km long. It is the northernmost profile used in this study (Fig. 1) . The eastern end of the profile lies on the Shelf Platform, central part traverses through the Shelf Margin Basin and the western end lies in the Abyssal Basin (proximal to Laxmi Basin).
The depth converted section along this profile (Fig. 8 ) exhibits present day stratigraphic set up along this profile. Seven different stratigraphic layers have been identified corresponding to the late Paleocene to Recent sediments in the basin. The depth to the present day basement varies from ca. 3 km in the central part of the profile to >5 km on either sides of the profile (Fig. 8) . The present day water-filled depth to the basement under the Shelf is ca. 6 km (Fig. 3) exhibiting a large sediment depocentre towards the edge of the section. A large basement uplift (>2000 m) is observed between 100e200 km of the profile. Several volcanic intrusive are observed in the central part of the profile. Details about identified stratigraphic horizons are provided in Table 1 .
The reverse post-rift restoration to the top of Paleocene (ca. 56 Ma) along this profile is shown in Fig. 8 . Much like the profile WC-19, the preferred restoration requires very high b factor (ca. 6) between 0e50 km of the profile in the west and gradually decreasing (ca. 1) towards the eastern end close to the Shelf Margin Basin. The eastern end of the section is restored close to the sea level which is consistent with the Paleo-bathymetric observations from nearby borehole data (Mohan, 1985) . However, the western segment of the section within the COT domain exhibits a residual paleo-bathymetry of ca. 2 km.
Reverse post-rift modelling of WC-17
The profile WC-17 is the southernmost suite of seismic profiles used in this study for subsidence modelling (Fig. 1) . The profile is 220 km long and extends in SWeNE direction. The eastern end of the profile is close to the Shelf Margin Basin whereas the western end lies in the Laxmi Basin. Previous studies suggest that the crust lying west of ca. 150 km is of transitional nature due to hyperstretching associated with the late Cretaceous rifting process in the Laxmi Basin . The industry borehole SM-1-2 is located close to the eastern edge of the profile (Fig. 1) .
The present day depth to the basement along WC-17 is shown in the depth converted section (Fig. 9) .The depth to the present day basement varies from ca. 3 km in the east to ca. 6 km in the western end of the profile. Details about seven identified stratigraphic horizons are provided in Table 1 .
The reverse post-rift restoration to the top of Paleocene (ca. 56 Ma) along this profile is shown in Fig. 9 . Like the other two profiles, the preferred restoration requires an extremely high b factor (>5) in the western end of the profile and gradually decreasing (ca. 1.2) towards eastern end close to the Shelf Margin Basin. The extent of high b factor along this profile is much longer as compared to WC-20 because this profile has maximum extent in the Abyssal Basin and least coverage under the Shelf Platform.
Reverse post-rift backstripping shows that the short segment of the eastern end of the profile is restored close to the sea level. These estimates are consistent with the Paleo-bathymetric observations from nearby borehole data (Mohan, 1985; Whiting et al., 1994; NELP, 2007) . On the other hand like WC-19 and WC-20, the western segment of the section within the COT domain exhibits a residual paleo-bathymetry of ca. 2 km.
Basement tectonics
Two dimensional reverse post-rift modelling through stepwise unloading of sediment using interpreted seismic profiles from MOB provides depth to the top of Paleocene formation as well as knowledge about the basement topography through time. Based on observations from basement tectonics and subsidence modelling along WCMI, it is inferred that the MOB has undergone a highly complex evolutionary history since initiation of late Cretaceous break-up. The seismic data presented in this study show that the major tectonic episodes including scattered late stage volcanic intrusions along WCMI are primarily restricted to the early Paleocene to middle Miocene period (Figs. 7e9) . The basal reliefs along the deepest reflectors towards the east of the Abyssal Basin appear to be accompanied by numerous normal faults. Based on continuity of these faults, it is inferred that the basal reliefs (Figs. 7e9) could have been caused by intrusions of volcanic material along the zones of weaknesses (Gopala Rao et al., 2010) . Such zones may have arisen due to varied stretching of continental crust during late Cretaceous when SeychelleseIndia separation took place. This was followed by thinning and rupturing of continental crust resulting in dyke injection/underplating associated volcanism. The basement faulting close to the Shelf in MOB also appears to have led to the formation of smaller sag basins. Some of them could be attributed to the possible reactivation during riftedrift process.
We propose that spatial and temporal variations in the magnitude of subsidence on MOB were caused by interplay of several coetaneous geodynamic factors. The most significant of these include (1) flexural undulations caused by the considerable emplacement of load on top; and (2) spatial variations in the strength of the basement and underlying lithosphere. Post-rift reverse modelling from MOB suggests that ever since the rift initiation, the Shelf Platform has remained close to the sea level most likely under photic conditions. On the other hand, moving westward, near the present day continental slope, the Shelf Margin Basin appears to have largely experienced mid bathyal environs during late Paleocene. Further west, contemporarily the Abyssal Basin seems to have developed full-fledged bathyal surroundings. The residual bathymetry in the Abyssal Basin obtained from our modelling is also consistent with the paleo-facies map of Nair et al. (1992) (Fig. 10) . Results from 2-D subsidence modelling demonstrate extremely large lithospheric stretching factors under WCMI especially the MOB. The variable b factors deduced from such analyses indicate that continental rifting may have initiated in the proximity to the present day Abyssal Basin, though it may not have finally succeeded in formation of a full oceanic crust at this site as evident by relatively low stretching factors and lack of undisputable seafloor spreading type magnetic anomalies (Miles and Roest, 1993; Miles et al., 1998; Royer et al., 2002; Krishna et al., 2006; Bhattacharya and Yatheesh, 2015) . However, these inferences need corroboration with further geophysical data such as detailed identification of sea- Majority of previous workers support that the onshore rapid eruption of Deccan Traps (ca. 65 Ma) predated the initiation of rifting process in the Arabian Sea (Courtillot et al., 1986; Venkatesan et al., 1993; Pande et al., 2001) . Although in absence of precise chronological measurements uncertainties exist about the sequence of events that led to the continental break up along WCMI (Pandey et al., , 2016 . Nonetheless, general consensus arises that the adjoining rifts and connected basins in the Arabian Sea have undergone pre/syn/post-rift tectonic as well as thermal subsidence for ca. 68 Myr (Mohan, 1985) . By assuming original crustal thickness ca. 36 km, same as that under peninsular India (Rao and Tewari, 2005) , the extent of thinning (i.e. 1-1/b) during continental breakup along WCMI can be computed using the laterally varying b profile (Figs. 7e9) . The above facts in conjunction with the regional stratigraphic data presented here and reverse post-rift subsidence modelling allows estimation of total accommodation space as well as the amount of extension.
Reverse highly extended crust in the west. Fault-related structures are more evident under the Shelf Platform than those under the Shelf Margin Basin or Abyssal Basin. The basement in the Abyssal Basin appears to have been intruded at places with volcanic rocks. The sediment unloaded subsidence history and the resulting paleo-bathymetry in and beyond the transitional parts of the crust is quite similar to that of an extremely stretched crust (Kusznir et al., 1995) . However, presence of the Laxmi Ridge to the west (a widely agreed continental block) and lack of conspicuous magnetic anomalies in the Laxmi Basin (west of Abyssal Basin) makes the issue further complicated. The modelling results presented here support hyperstretching in the Abyssal Basin as proposed earlier by . However, more precise measurements of extension in the Laxmi Basin would emerge from the recently concluded IODP expedition-355 in the Arabian Sea . Analyses of basement cores collected from IODP drill Sites (Fig. 1) are expected to throw more light on its precise nature.
Sediment accumulation rates
The unloaded sediments along each profile also provide quantitative estimates of sedimentation rates on the Shelf Platform, Shelf Margin Basin and Abyssal Basin. We performed calculation of sedimentation rates based on the geohistory analyses deduced from post-rift subsidence modelling using seismic profiles. Results of accumulation rates calculation along seismic profile WC-19 are shown in Fig. 11 . Computations are performed using backstripped sediment load for various periods assuming pseudo-wells for three sectors (Abyssal Basin: 0e150 km; Shelf Margin Basin: 150e250 km; Shelf platform: 250e350 km). The results show two main spatially distinct components (Fig. 11) . Spatial and temporal variations in accumulation rates demonstrate that large volumes of the sediments were deposited in MOB during the Paleocene and Neogene. The Shelf Platform has in general received higher mass sediment flux in comparison to the Shelf Margin and Abyssal basins. The primary reason attributed to such variations could be due to available post-rift accommodation space on the Shelf Platform was much more dynamic through time (Biswas, 1982; Nair et al., 1992) .
Comparison among three different provinces along the profile shows that sedimentation rapidly increased to a maximum in the late Miocene, before slowing down again in last ca. 5 Myr (during PlioceneeRecent). The peak sedimentation during the late Miocene reached almost ca. 2e4 times higher. Such high sedimentation is interpreted to have been resulted from enhanced influx through Indus fan as well as western continental margin of India. Such increase in sediment supply could be evident by the progradation of the paleo-shelf along our seismic profiles (Figs. 7e9) . proposed a 2e3 fold increase in rate of sedimentation in the Arabian Sea during midelate Miocene period relating to the accelerated mass flux from Indus during that period. Uplift of the Himalayas and Tibetan Plateau (ca. 10e8 Ma) has been proposed to be the main cause of the origin of late Miocene intensification of the Indian monsoon system Gupta et al., 2004) . Our observations of late Miocene increase in sedimentation rates on MOB are consistent with earlier observations based on sedimentological, and geochemical responses to late Miocene uplift of Himalayas and Tibetan Plateau and intensification of Indian Monsoon system from Bay of Bengal as well as Arabian Sea (Kroon et al., 1991; Rea, 1992; Davies et al., 1995; Gupta et al., 2004 and references therein).
Conclusions
New seismic data in combination with the commercial borehole information from the Mumbai Offshore Basin have been examined to understand basement tectonics and cumulative subsidence along WCMI since late Paleocene. The 2-D reverse post rift flexural backstripping modelling was performed using SWeNE extending depth converted multi-channel seismic profiles. By adapting tectonic, paleo-bathymetry and eustatic sea level fluctuation settings from previous studies, modelling results demonstrate that the rates of subsidence have varied throughout the Neogene and Paleogene in this basin. Backstripping and decompaction derived sediment accumulation rates show that maximum sedimentation occurred during late Miocene. Such an increase in sedimentation rate is in conformity with previous studies linking late Miocene HimalayaneTibetan uplift and subsequent intensification of Indian monsoon system . Based on the restored sections, it is inferred that the parts of the crust in the Abyssal Basin has undergone extreme stretching (with very high b factors) whereas the Shelf Platform has experienced relatively less stretching since late Paleocene. This observation is consistent with the presence of transitional crust in the proximal areas of Abyssal Basin and oceanic crust to its west in the Arabian Basin. The observations from present study together with existing geological and geophysical knowledge suggest that the dominant process responsible for the evolution of WCMI was the extensional tectonics. The sediment unloaded sections on top of ca. 56 Ma horizon exhibit varying residual topography. Such residual depth-anomalies are attributed to possible uplift and subsidence of the crust associated to lower crustal flows and underplating as a responsible mechanism instead of a thermal anomaly (plume) prior to the initiation of rifting process along WCMI. Potential magma intrusion/underplating in the lower crust during syn-rift/drift phase is expected to have further weakened the crust. Consequently, localised strain in such zones is likely to have led to higher subsidence. The large accommodation space and coeval sediment supply would lead to anomalously high subsidence on continental margins such as WCMI. Figure 11 . Calculated mass accumulation rates for various periods using pseudo-wells along seismic line WC-19 on Shelf Platform: 0e150 km (green), Shelf Margin Basin: 150e250 km (dark red) and Abyssal Basin: 250e350 km (blue). See Fig. 1 for locations. 
